Kindlin-2 regulates integrin-mediated cell adhesion to and migration on the extracellular matrix. Our recent studies demonstrate important roles of kindlin-2 in regulation of mesenchymal stem cell differentiation and skeletal development. In this study, we generated adipose tissue-specific conditional knockout of kindlin-2 in mice by using Adipoq-Cre BAC-transgenic mice. The results showed that deleting kindlin-2 expression in adipocytes in mice caused a severe lipodystrophy with drastically reduced adipose tissue mass. Kindlin-2 ablation elevated the blood levels of nonesterified fatty acids and triglycerides, resulting in massive fatty livers in the mutant mice fed with high-fat diet (HFD). Furthermore, HFD-fed mutant mice displayed type II diabetes-like phenotypes, including elevated levels of fasting blood glucose, glucose intolerance, and peripheral insulin resistance. Kindlin-2 loss dramatically reduced the expression levels of multiple key factors, including PPARg, mTOR, AKT, and b-catenin proteins, and suppressed adipocyte gene expression and differentiation. Finally, kindlin-2 loss drastically reduced leptin production and caused a high bone mass phenotype. Collectively, these studies establish a critical role of kindlin-2 in control of adipogenesis and lipid metabolism as well as bone homeostasis.
Introduction
Adipose tissue plays a critical role in regulating energy balance and metabolism and its dysfunction is associated with metabolic diseases, such as obesity and insulin resistance. There are 2 main types of adipose in mammals, white adipose tissue (WAT) and brown adipose tissue (BAT). The former functions primarily in energy storage, while the latter dissipates energy through heat to maintain normal body temperature by the expression of uncoupling protein 1 (UCP1), which is located in the inner mitochondrial membrane and regulates proton reentry into the mitochondrial matrix to drive ATP synthesis (1) .
Adipocytes produce hormones and adipokines that regulate food intake and nutrient homeostasis (2) . Increased adiposity in obesity is closely correlated with increased risks for developing insulin resistance and diabetes mellitus, cardiovascular disease, and cancer (3) (4) (5) (6) . Adipose tissue expansion in obesity occurs through increased size of adipocytes loaded with excess fat or adipocyte hypertrophy, which is a characteristic of adipose tissue in obese individuals with metabolic syndrome. Increases in fat cell number (adipocyte hyperplasia) occur in obese individuals at the expense of large hypertrophic adipocytes.
Lipodystrophy, which is a lack of adipose tissue, associates with severe metabolic complications. For example, patients suffering from congenital generalized lipodystrophy usually develop insulin resistance, hypertriglyceridemia, and fatty liver (7, 8) . Thus, maintaining proper adipose tissue mass and function is critical for normal metabolic homeostasis and understanding the underlying mechanisms has substantial clinical implications.
Kindlin-2, which is encoded by FERMT2, belongs to the kindlin protein family and is a component of cell-extracellular matrix adhesions. Kindlin-2 is expressed in multiple tissues and cell types, including mesenchymal stem cells, which can differentiate into osteoblasts, chondrocytes, and adipocytes (9) . Kindlin-2
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binds to the β-integrin cytoplasmic tail and promotes integrin activation, which consequently mediates cell adhesion, spreading, and migration. Global deletion of kindlin-2 in mice results in peri-implantation lethality at E7.5, which demonstrates the critical role of kindlin-2 during early embryonic development. We utilized a conditional knockout strategy and demonstrated that kindlin-2 is essential for chondrogenesis by control of TGF-β1 signaling and Sox9 expression during skeletal development (10) . We further demonstrated that kindlin-2 plays a critical role in maintaining normal podocyte structure and function by association with the Rho GDP-dissociation inhibitor α (RhoGDIα) and, thereby, suppresses Rac1 activation and protects podocytes from injury (11) . More recently, we found that kindlin-2 controls bone morrow mesenchymal stem cell differentiation toward the osteoblastic or adipogenic lineage through control of YAP1/TAZ (12) . Loss of kindlin-2 in these cells largely promoted adipogenic differentiation. However, it is not known whether kindlin-2 plays a direct role in regulation of adipocyte formation and differentiation during adipogenesis.
In this study, we utilized a conditional knockout strategy to selectively delete kindlin-2 expression in adipocytes and investigate the function of kindlin-2 in adipogenesis. We performed comprehensive analyses of mice in which kindlin-2 is ablated in adipocytes. Results from Western blotting revealed that the levels of kindlin-2 protein were markedly reduced in epididymal WAT (eWAT), inguinal WAT (iWAT), and BAT of KO mice, but not in non-adipose tissue, compared with those of WT mice ( Figure 1, A and B) . Quantitative RT-PCR analyses using RNAs from different adipose and non-adipose tissues revealed that the levels of Kindlin-2 mRNA were dramatically reduced in iWAT, eWAT, perirenal white adipose tissue (pWAT), and BAT of KO mice compared with those of control littermates (hereafter referred to as WT; Figure 1C ). In contrast, levels of Kindlin-2 mRNA in non-adipose tissues, including kidney, liver, heart, and lung, were not significantly reduced in KO mice relative to those of WT control littermates ( Figure 1D ). Starting at 18 weeks of age, the KO mice fed with a normal chow diet (NCD) displayed a significant reduction in body weight compared with their control littermates ( Figure  2, A and B) . The mass of eWAT, iWAT, BAT, and pWAT was strikingly decreased in KO mice compared with that of WT mice (Figure 2 , C-E). In contrast to results from adult mice, the values of eWAT, iWAT, and BAT were not significantly reduced in 3-week-old KO mice relative to WT control littermates (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.128405DS1). Notably, the weights of spleen and kidney normalized to the lengths of femurs were significantly increased in KO mice compared with those in WT mice (Figure 2, F and G) .
Results

Adipocyte
Deleting kindlin-2 reduces adipocyte gene expression and differentiation. We next determined the expression levels of fat-related genes in KO mice by quantitative real-time RT-PCR analyses. The results showed that expression levels of adipocyte differentiation-dependent genes, including those encoding peroxisome proliferator-activated receptor gamma (Pparγ), fatty acid binding protein 4 (Fabp4, also known as Ap2), and CCAAT/enhancer-binding protein alpha (Cebpα), were all dramatically reduced in WAT, but not in BAT, of KO mice relative to those of WT mice ( Figure 3, A and B) . The transcript levels of the lipogenesis-related genes, including those encoding acetyl-CoA carboxylase (Acc), fatty acid synthase (Fas), and diacylglycerol O-acyltransferase 1 (Dgat1), were reduced in both WAT and BAT ( Figure 3, A and B) . The lipolysis-related genes, including those encoding hormone-sensitive lipase (Hsl) and adipose triglyceride lipase (Atgl), were reduced in WAT, but not BAT ( Figure 3, A and B) . The oxidation-related genes, including those encoding Pparα and acyl-CoA oxidase 1 (Acox1), were downregulated in WAT, but not in BAT ( Figure 3, A and B) . Histological analysis of adipose tissues of the 2 genotypes revealed that KO WAT adipocytes were smaller than WT WAT cells, which was consistent with BAT adipocytes (Figure 3 , C-E). To determine whether the reduced WAT volume in KO mice was due to decreased size of adipocytes, we determined the relationship between eWAT and adipocyte volumes. Analyzing the slope and intercept of the 2 genotypes showed that kindlin-2 loss reduced the size and number of adipocytes ( Figure 3F ).
Kindlin-2-KO mice fed with high-fat diet exhibit high fasting glucose levels, glucose intolerance, and peripheral insulin resistance. To investigate the role of kindlin-2 expression in adipocytes under pathological conditions, 6-week-old WT and KO mice were fed with a 60% high-fat diet (HFD) for up to 18 weeks. Compared with the NCD-fed group, after 18 weeks on HFD, KO mice were less obese, weighing about 44 g, which was 25% less than WT mice ( Figure 4A ). The size of eWAT, iWAT, and pWAT was dramatically smaller than that of their WT controls ( Figure 4B ). Quantitative analyses revealed that the weights of both WAT and BAT were significantly reduced in KO mice compared with those of WT mice ( Figure 4 , C and D). The increases in weights of multiple organs, including liver, heart, lung, spleen, and kidney, were more significant in KO mice fed with HFD versus NCD ( Figure 4 , E and F). We next performed a glucose tolerance test (GTT) on WT and KO mice fed with HFD for 18 weeks. Results revealed that KO mice displayed an obvious glucose intolerance ( Figure 4 , G and H). After an acute glucose load, KO mice were less able to metabolize blood glucose, as indicated by the shift in the blood glucose curve in KO mice relative to WT mice; however, no difference in glucose tolerance was observed in WT and KO mice fed with NCD (Supplemental Figure 2 , A and B). We further performed an insulin tolerance test (ITT) to determine whether this glucose intolerance observed in the KO mice fed with HFD was associated with peripheral insulin resistance. After 18 weeks on the HFD, the capacity of a bolus of insulin to reduce the blood glucose level was significantly reduced in KO mice only at the 120-minute time point, but not at the early time points (30, 60 , and 90 minutes; Figure 4 , I and J). In contrast, the capacity of insulin to reduce the blood glucose level was slightly, but significantly, increased in NCD-fed KO versus WT mice only at the 120-minute time point, but not at the early time points (30, 60 , and 90 minutes; Supplemental Figure 2 , C and D). The fasting blood glucose levels of KO mice were significantly higher than WT littermates ( Figure 4K ). Consistent with the dramatic lipoatrophy, serum levels of leptin and adiponectin were drastically reduced in KO mice relative to those of WT mice ( Figure 4 , L and M, and Supplemental Figure 2 , E and F). Similar serum insulin levels were observed in KO and WT mice on HFD ( Figure 4N) . Notably, when fed with NCD, the KO mice exhibited significantly higher serum insulin levels than the To determine the possible contributions of food intake to the changes in body weight and adiposity, food intake of the mice was also monitored. However, there was no marked difference in food intake between KO and WT groups ( Figure 4Q and Supplemental Figure 2G ).
Impaired lipid metabolism and massive fatty livers in HFD-fed KO mice. With the challenge of HFD, decreases in expression of adipogenesis genes, including those encoding Pparγ, Cebpα, and Ap2, were observed in both WAT and BAT of KO mice compared with control littermates ( Figure 5 , A and B). Transcript levels of genes involved in lipogenesis, including those encoding Acc, Fas, and ATP citrate lyase (Acly), were also reduced in both WAT and BAT of HFD-fed KO mice compared with those in control littermates ( Figure  5, A and B) . Similarly, the expression levels of genes involved in lipolysis, including those encoding Atgl, Hsl, and adrenoceptor β3 (Adrb3), were also reduced in both WAT and BAT in HFD-fed KO mice relative to those of HFD-fed WT mice ( Figure 5, A and B) .
Reduction of fatty acid oxidative transcript levels in WAT was also observed; the mRNA levels of Pparα, pyruvate dehydrogenase lipoamide kinase (Pdk4), and cell death activator (Cideα) were decreased in The weights of adipose and (F and G) non-adipose tissues (N = 6-10 mice per group). eWAT, epididymal white adipose tissue; iWAT, inguinal white adipose tissue; BAT, brown adipose tissue; pWAT, perirenal white adipose tissue. *P < 0.05, **P < 0.01 for KO vs. WT by Student's t test.
WAT of HFD-fed KO mice compared with HFD-fed WT mice ( Figure 5A ). Alteration of adipocyte morphology was also obvious in KO adipose tissues. After HFD feeding, the size of KO adipocytes, including that of eWAT, iWAT, and BAT, was smaller than that of WT cells ( Figure 5 , C-E). The adipocyte number was reduced after HFD challenge ( Figure 5F ).
The findings described above suggest that decreases in transcript levels of adipogenesis-related genes and those involved in lipid oxidation and synthesis lead to elevated circulating blood lipid levels ( Figure 4 , O and P). We next asked whether the higher levels of circulating lipids resulted in increased hepatic steatosis in KO mice. Histology of liver sections of KO mice revealed significant hepatic steatosis in KO mice (Supplemental Figure 3A) , which was aggravated after HFD challenge ( Figure 5G ). Under the NCD condition, expression of Hsl, a lipolysis-related gene, was upregulated in KO liver (Supplemental Figure 3B) ; this might be caused by a negative feedback mechanism. With the HFD challenge, TG synthesis was increased, and lipolysis and fatty acid oxidation were reduced in KO liver (Supplemental Figure 4) . Thus, KO mice fed with HFD have reduced expression of genes that regulate lipid metabolism and, consequently, increased circulating lipid levels, all of which might contribute to the hepatic steatosis and insulin resistance observed in the KO animals. In addition, increased macrophage infiltration was revealed by F4/80 staining in KO iWAT ( Figure 5H and Supplemental Figure 5 ), which was consistent with the inflammatory effects of adipocyte death (14) . Kindlin-2 loss impairs multiple key signaling pathways in adipocytes. Consistent with the reduced mRNA expression, the levels of adipogenesis-related proteins, including Cebpα, Pparγ, and Ap2, were all dramatically reduced in KO mice ( Figure 6A ). Previous studies have shown that deletion of AKT and mTOR resulted in lipoatrophy, suggesting that both factors are essential for development of the adipose tissue (15, 16) . We next performed Western blotting and measured the protein levels of AKT and mTOR in adipose tissues of the both genotypes. The results showed that the levels of both total and phosphorylated AKT and mTOR proteins were all dramatically reduced in KO adipose tissues compared with those of WT adipose tissues ( Figure 6A ). Because β-catenin is critical for organ development (17), we next measured its protein expression level in adipose tissue and found dramatic reductions in both total and phosphorylated β-catenin in KO adipose tissue compared with that of WT adipose tissue ( Figure 6A ). To verify whether deletion of kindlin-2 affects preadipocyte differentiation in vitro, we cultured 3T3-L1 preadipocytes and differentiated them into mature adipocytes. During in vitro adipocyte differentiation, kindlin-2 expression was markedly upregulated on day 4; this upregulation was then decreased on day 6 (Supplemental Figure 6) . As indicated by Oil Red O staining, knockdown of kindlin-2 expression inhibited adipogenesis of 3T3-L1 cells ( Figure  6B ). In line with our in vivo results, knockdown of kindlin-2 expression significantly reduced the expression levels of all adipogenesis-related genes in differentiated 3T3-L1 cell cultures ( Figure 6, C and D) . The stromal-vascular fraction (SVF) of inguinal adipose tissue was isolated from WT and KO mice and treated to induce adipogenic differentiation in vitro. Results from Oil Red O staining revealed that kindlin-2 loss inhibited SVF differentiation toward adipocytes ( Figure 6E ). Collectively, these results demonstrate that kindlin-2 is essential for adipocyte differentiation in vitro and in vivo.
HFD-fed Kindlin-2-KO mice display a high bone mass phenotype. Osteoblasts and adipocytes are both derived from mesenchymal stem cells and interactions between fat and bone are vital for normal bone integrity (18) . H&E staining of femur sections revealed that bone marrow adiposity was markedly reduced in KO relative to WT mice ( Figure 7A ). To investigate whether kindlin-2 loss in adipocytes impacts bone mass, we performed micro-computerized tomography (μCT) analysis of the femurs and found increased bone mass in KO mice compared with control littermate ( Figure 7B ). Quantitative analysis confirmed that KO mice displayed dramatic increases in bone volume fraction (BV/TV; Figure 7C ), trabecular number (Tb.N; Figure 7D ), and bone mineral density (BMD; Figure 7E ) and decrease in trabecular separation (Tb.Sp; Figure 7F ). KO mice had a noticeable decrease in Tb.Sp, without a significant difference in the values of trabecular thickness (Tb.Th; Figure 7G ) and cortical bone thickness (Cort.Th; Figure 7H ). However, there were no major differences between WT and KO mice under the NCD condition (Supplemental Figure 7) . The BMD and Ct.Th were slightly, but significantly, reduced in NCD-treated KO mice compared with those in NCD-treated WT mice (Supplemental Figure 7) . Taken together, these results suggest that adipocyte kindlin-2 signaling is critical for bone homeostasis. 
Discussion
In the present study, we demonstrate, for the first time to our knowledge, a critical role of kindlin-2 in regulation of adipocyte formation and differentiation and lipids and glucose metabolisms. Thus, adipocyte-specific kindlin-2 ablation leads to severe lipoatrophy, hyperlipidemia, massive fatty liver, glucose intolerance, and insulin resistance in mice. Furthermore, adipocyte kindlin-2 indirectly regulates bone mass.
The lipodystrophic syndrome observed in the KO mice is similar to human generalized lipodystrophy in several ways. For example, both are characterized by low leptin levels, marked insulin resistance, hyperlipidemia, and fatty liver disease. Lipoatrophy reduces the capacity of adipose tissue to take up and store additional TGs, which will cause lipid redistribution that is associated with systemic insulin resistance and hepatic steatosis (19) . Adipose-specific deletion of several other factors induced similar lipoatrophy and hepatic steatosis (15, 16, (20) (21) (22) (23) (24) . For example, mice with adipose-specific deletion of the insulin receptor (21, 22) , Raptor/mTORC1 (16), AKT (23), or LMNA (24) developed significant lipodystrophy and hepatic steatosis. Interestingly, LMNA mutation caused significant BAT "whitening" (24); this is not observed in Kindlin-2-KO mice. Congenital and acquired lipodystrophies could cause insulin resistance and hepatic steatosis (25, 26) . Importantly, results of the present study provide the first demonstration to our knowledge that adipocyte kindlin-2 signaling plays a pivotal role in control of adipose tissue mass.
We demonstrated that the KO mice fed on NCD did not display any glucose intolerance, even though they had dramatically reduced expression of genes involved in adipogenesis and thermogenic regulation. Interestingly, when fed on HFD, these animals exhibited marked glucose intolerance and insulin resistance. This observed deregulation of glucose homeostasis in HFD-fed mutant mice was evident with decreases in body weight and adiposity and with increases in circulating lipids. The potential explanation for the increased blood lipid level observed in the mutant mice is related to reduced expression of genes involved in lipid breakdown, lipid uptake, and fatty acid oxidation, which all reduce clearance of circulation lipids by adipose tissue. Evidence has shown that the mobilization of BAT increases the clearance of lipids in both humans and mice (27, 28) . In addition, dysregulated expression of lipogenesis genes leads to disturbed lipid storage and causes insulin resistance (29) . Notably, our ITT results showed nearly identical values for the WT and KO mice at the early time points (30, 60 , and 90 minutes) and only a significant difference at the 120-minute end time point. These findings support the notion that insulin sensitivity is similar in KO and WT animals, but that the counter-regulatory mechanisms (epinephrine, norepinephrine, glucocorticoids) to increase circulating glucose might be impaired in KO mice. Future study will explore this possibility.
In the present study we observed an increased inflammation of adipose tissue in the mutant mice. The inflammation and macrophage infiltration in adipose tissue contribute to the enhanced lipolysis and elevated circulating lipids, which causes insulin resistance, as suggested by Wu and coworkers (19, 22) .
The increased blood lipid levels contribute to, at least in part, the insulin resistance and fatty liver phenotype observed in the mutant mice. Hyperlipidemia is closely associated with insulin resistance and hepatic steatosis (30) . Kindlin-2 deficiency-induced reduction in adipokine production also contributes to the dysregulation of glucose homeostasis observed in the mutant mice. This notion is supported by results from a previous study demonstrating that decreased adiponectin expression is correlated with insulin resistance. In obese mice, adiponectin decreases insulin resistance and improves insulin sensitivity by decreasing TG content in liver and muscle (31) .
Reduced expression of both mTOR and AKT induced by kindlin-2 deficiency could contribute to the low adipose tissue mass phenotype of the mutant mice because both pathways are known to be critical for adipose tissue development (15, 23) . Results from in vitro studies showed that AKT signaling is necessary for adipogenesis (32) . AKT1 is required for adipogenesis in 3T3L1 preadipocytes and mouse embryonic fibroblasts, while AKT2 is dispensable (33) (34) (35) . Mechanistically, AKT functions in adipocyte precursor cells to suppress FoxO1 activity (36) . The role of mTOR in adipose tissues has been well studied by genetic perturbation of key components of this pathway (15, 37, 38) . Deletion of mTOR decreased lipid accumulation and inhibited adipocyte differentiation by the Pparγ signaling pathway (15) . Molecular mechanism(s) underlying the downregulation of AKT and mTOR in adipocytes mediated by kindlin-2 loss remain to be determined. Numerous studies have shown that Wnt/β-catenin signaling is important for multiple organs' development (16, 39) . While several in vitro studies showed that pharmacological manipulation of adipogenesis altered expression of β-catenin (40, 41) , there is no direct in vitro and in vivo evidence to our knowledge that β-catenin regulates adipogenesis. Yu et al. reported that kindlin-2 formed a transcriptional complex with β-catenin to regulate Wnt signaling (42) . Results of the present study revealed that kindlin-2 loss drastically reduced the levels of both active and total β-catenin protein levels. Thus, it is possible that kindlin-2 regulates adipogenesis by modulating, in part, the Wnt/β-catenin signaling pathway. Future study will explore this possibility.
The dramatic increases in bone mass and bone mineral density observed in the mutant mice suggest an intrinsic role of adipocyte kindlin-2 signaling in control of bone mass. Osteoblasts and adipocytes are both derived from mesenchymal precursors (18, 43) . Our previous study showed that deletion of kindlin-2 in mesenchymal lineage cells inhibited chondrogenesis and impaired skeletal development (10) . Dramatically reduced production of leptin, a potent inhibitor of bone formation (44, 45) , contributes, at least in part, to the high bone mass phenotype of the mutant mice. Adiponectin, an adipocyte-derived cytokine, exerts an inhibitory effect on bone metabolism (46, 47) . Because kindlin-2 loss dramatically reduced the blood levels of adiponectin ( Figure 4M) , it is possible that the reduction in adiponectin also contributes to the high bone mass phenotype of the mutant mice. It is known that TNF-α reduces bone mass (48) . It will be interesting to determine whether kindlin-2 loss decreases TNF-α production in the mutant mice.
In summary, the striking lipodystrophic phenotype of the kindlin-2-mutant mice demonstrates an essential requirement for kindlin-2 expression in adipogenesis. Results of the present study also demonstrate the importance of maintaining a proper adipose tissue mass, given the fact that the lipodystrophic phenotype caused by kindlin-2 deficiency results in severe hyperlipidemia, massive fatty liver, type II diabetes-like phenotypes, and high bone mass.
Methods
Animal studies. Generation of Kindlin-2 fl/fl mice, in which loxP sites were inserted from exons 5 and 6 at the Kindlin-2 locus through homologous recombination, was described in our previous study (10 ) and Cre-transgenic mice (i.e., Adipoq-Cre) were used as controls in this study. All mice used in this study have been crossed with normal C57BL/6 mice for at least 10 generations. For consistency and to minimize use of animals, only male mice were used for all experiments in this study. Mice were group-housed at 20°C to 24°C and exposed to a 12-hour light/12-hour dark cycle. For induction of obesity and insulin resistance, 6-week-old mice were fed with an HFD (60% fat diet, measured in kcal, catalog D12492; Research Diets) for 18 weeks. Mice fasted for 16 hours were injected with glucose (1 g/kg body weight, i.p.) for the GTT and mice fasted for 4 hours were injected with insulin (0.5 units of insulin/kg body weight, i.p.) for the ITT. Blood glucose and insulin levels were measured from tail vein blood collected at the indicated times.
Real-time quantitative RT-PCR analysis. Total RNA was extracted from tissues and cells using TRIzol reagent (Invitrogen, 15596018) according to the manufacturer's instructions (49) . Total RNA (2 μg) from each sample was reverse transcribed using the cDNA Reverse Transcription Kit (Applied Biosystems, 4374966) according to the manufacturer's instructions (50) . Samples were normalized to Gapdh mRNA expression. The DNA sequences of primers used for qPCR analyses are summarized in Supplemental Table 1 .
Western blot analysis. Western blot analyses on 30 μg of protein extracts from cells and tissues were performed as previously described (10) . Briefly, frozen tissues were homogenized in RIPA lysis buffer containing protease inhibitor cocktail (Thermo Fisher Scientific, 78437). Protein concentrations were determined by BCA assay (Bio-Rad, 2634). SDS-PAGE was performed using approximately 30 μg of protein which was transferred to a PVDF membrane. The membrane was blocked in 5% nonfat milk in Tris-buffered saline/Tween 20 buffer, probed with primary antibodies, followed by incubation with secondary antibodies conjugated with horseradish peroxidase, and visualized using a Western Blotting Detection Kit (Bio-Rad, 1705062). Western blots were probed with the primary antibodies at a dilution of 1:1,000 except for the following antibodies: anti-β-actin (Zhongshan Jinqiao Biotechnology, TA-09, 1:5,000), anti-Fabp4 Histological analysis. The adipose pads, including eWAT, iWAT, BAT, and pWAT, were isolated from mice and stained with H&E for morphological analysis (10, 50) . Adipose tissues from mice were fixed for 48 hours with 10% formalin, dehydrated, and embedded in paraffin to measure the macrophage infiltration. After blocking with PBS containing 1% BSA, sections were subjected to immunohistochemical staining overnight at 4°C with a 1:150 dilution of a rat monoclonal antibody against F4/80 (Cell Signaling Technology, catalog 70076). A biotin-conjugated rabbit polyclonal against rat IgG (Cell Signaling Technology, catalog 3900) was used at 1:100 dilution as the secondary antibody. Slides were observed and imaged with a light microscope equipped with a digital camera. Using ImageJ software (NIH), adipocyte volume was calculated from H&E-stained paraffin sections as described previously (51) . Adipocyte number was calculated by dividing the epididymal adipose tissue volume by adipocyte volume.
Isolation of SVF from WAT and in vitro differentiation. SVF cells were isolated from WAT as previously reported (52) . Briefly, WAT depots were minced and digested with collagenase D (Roche, 1108874103). Digestion was terminated by adding ice-cold DMEM plus 10% FBS, followed by centrifugation and filtration through 70-μm cell strainers. SVF cells were plated at 1 × 10 6 cells per well in 6-well plates and grown in DMEM supplemented with 10% FBS. After 2 days, the cells were cultured in differentiation medium as previously described (52) . 3T3-L1 cells (purchased from ATCC) were cultured in DMEM with 10% FBS. For adipogenic differentiation, 3T3-L1 cells were first cultured in differentiation media (DMEM, 10% FBS, 5 μg/mL insulin, 2 μg/mL dexamethasone, and 0.5 mM 3-isobutyl-methylxanthine [IBMX]) for 2 days. Cells were then switched to media (DMEM, 10% FBS and 5 μg/mL insulin) for 6 days. Media were changed every 2 days.
Oil Red O staining. In brief, following fixation of the mature adipocytes in 10% (v/v) formaldehyde solution for 30 minutes, the cells were stained with 0.5% Oil Red O for 30 minutes at room temperature, rinsed in PBS, as previously described (49) .
Serum analysis. Blood samples were collected from 18-week-old mice and kept at room temperature for 30 minutes. Samples were then centrifuged at 12,000 g for 10 minutes and the separated sera were collected. Insulin (Millipore, EARMI-13BK), adiponectin (R&D Systems, MRP300), and leptin (R&D Systems, MOB00) analyses were performed using commercially available ELISA kits according to the manufacturers' instructions. Plasma and liver TG (Nanjing Jiancheng, A010017) levels and plasma NEFAs (Nanjing Jiancheng, A042-2) were measured by colorimetric assay kits according to the manufacturer's instructions.
Liver TG assay. Frozen liver tissue samples were weighed and then homogenized in 1 mL of PBS. Samples were kept on ice the entire time. Liver lysates were centrifuged at 12,000 g for 10 minutes at 4°C. The supernatant was collected, and TG levels were determined using the Triglyceride Assay (Thermo Fisher Scientific, TR22421) according to the manufacturer's instructions. TG levels were normalized to individual tissue weights.
Body weight and food intake. Weekly body weight was measured on a NCD or HFD over a period of 18 weeks until the end of the experimental protocol. Mice were individually housed for 1 week before food intake measurement. The food intake data were collected for a 2-week period.
μCT analysis. Fixed, nondemineralized femurs were used for μCT analysis in the Department of Biology of Southern University of Science and Technology using a Bruker μCT (SkyScan 1172 Micro-CT) following the standards of techniques and terminology recommended by the American Society for Bone and Mineral Research (ASBMR; ref. 53) .
Statistics. The sample size for each experiment was determined based on our previous experience. No randomization or blinding was applied for all our studies. Results are expressed as mean ± SEM. All data were analyzed by an unpaired 2-tailed Student's t test. Differences with P < 0.05 were considered statistically significant. Study approval. All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of Southern University of Science and Technology.
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